Searches for neutral Higgs bosons produced at LEP in association with Z bosons, in pairs and in the Yukawa process are presented in this paper. Higgs boson decays into b quarks, τ leptons, or other Higgs bosons are considered, giving rise to four-b, four-b+jets, six-b and four-τ final states, as well as mixed modes with b quarks and τ leptons. The whole mass domain kinematically accessible at LEP in these topologies is searched. The analysed data set covers both the LEP1 and LEP2 energy ranges and exploits most of the luminosity recorded by the DELPHI experiment. No convincing evidence for a signal is found, and results are presented in the form of mass-dependent upper bounds on coupling factors (in units of model-independent reference cross-sections) for all processes, allowing interpretation of the data in a large class of models.
Introduction
As is well known, the Standard Model of electroweak interactions describes the available data with considerable accuracy, only lacking evidence for the Higgs boson as confirmation of its scalar sector [1] .
A number of extensions to the scalar sector of the Standard Model allow the current level of agreement between prediction and measurement to be preserved. Beyond the simplest one-doublet scalar sector of the Standard Model, any model with arbitrary numbers of Higgs doublets and singlets will satisfy the above conditions, in particular concerning the relation between the electroweak gauge boson masses and the SU(2)×U(1) mixing angle. To satisfy the constraint given by the apparent weakness of flavour-changing neutral currents, it is generally imposed in addition that every fermion couples to at most one Higgs doublet [2] .
Within this framework, the simplest extensions of the Standard Model are the socalled Two-Higgs Doublet Models (2HDM), of which various types exist, depending on the choice of the scalar couplings to fermions. The first type assumes that one doublet only couples to fermions while the other one couples to gauge bosons. At LEP2, the resulting final states include decays of the lightest Higgs boson into photon pairs, which are studied in [3] . The second and most studied type assumes that one doublet couples to the up-type fermions (neutrinos and the u, c, t quarks) while the other one couples to down-type fermions (charged leptons and the d, s and b quarks). Depending on the mixing of the two doublets, the dominant decays of the lightest Higgs boson will be either c quarks and/or gluons (these final states are searched for in [4] ), or b quarks and τ leptons. This last case is the focus of this work.
There is a third possible choice of couplings, in which one Higgs doublet couples to leptons only, while the other couples to quarks. In this case, the dominant Higgs boson decay modes may be leptonic, leading, when Higgs bosons are produced in pairs or radiated off primary τ leptons, to the striking four-τ final state.
This paper presents searches for final states occurring in the scenarios decribed above, when Higgs bosons are produced through the Yukawa process, in pairs, or in association with Z bosons. The first section of this work introduces our conventions, describes the data sets and some aspects common to all analyses. Section 2 describes searches for the Yukawa process in LEP1 data; the four-b, four-τ , and bbτ + τ − final states are addressed. The searches for final states with at least four b quarks or τ leptons at LEP2 are described in Section 3. In all final states, the Higgs boson mass domain is explored from threshold to the kinematic limit. Our results are summarized in Section 4, and include a reinterpretation of the DELPHI Standard Model Higgs boson search [5] , constraining the hZ process, when h decays into b quark or τ lepton pairs. Section 5 concludes the paper.
Neutral Higgs bosons beyond the Standard Model have also been searched for by the other LEP Collaborations [6] . The present paper considers additional final states (i.e. the four-τ final state, in Higgs boson pair production and in the Yukawa process), and revisits more usual final states by extending the searched mass range.
Signals considered in this paper
The extension of the Standard Model Higgs sector by at least one doublet significantly enriches its phenomenology. The Higgs boson spectrum consists of a number of CP-even Higgs bosons (denoted h), CP-odd Higgs bosons (A) and pairs of charged scalars H ± .
Neutral Higgs boson production mechanisms at LEP are the Bjorken process (e + e − →hZ), pair production (e + e − →hA) and Yukawa radiation off heavy fermions (e + e − →ffh and e + e − →ffA). The cross-sections of the first two, gauge-mediated processes are (up to kinematic factors) bounded by the Standard Model hZ cross-section; mixing of Higgs doublets induces partial or total suppression with respect to this reference. The third, fermion-mediated process can be significantly enhanced compared to the Standard Model ffh cross-section, which is too low to be observed at LEP. Diagrams of these processes are displayed in Figure 1 .
Depending on their mass hierarchy, there are a number of production and decay chains involving Higgs bosons (see also Figure 2 ): Among these, only processes 1 and 3 are explicitly studied here. Note however that the h(hZ) and the (AZ)A processes involve exactly the same vertices, which means that all distributions are expected to be similar if m h and m A are exchanged; as a consequence, our h(hZ) results will be directly translated to the (AZ)A case with swapped h and A masses. On the other hand, the (AZ)Z process is of very small relevance to LEP, since given the available centre-of-mass energies and the presence of two Z bosons in the final states, the open mass domain for h and A is very small. We limit our analysis to decays of the lighter Higgs boson into b quarks or τ leptons, and only the dominant hadronic Z decays are considered. We take the threshold of Higgs boson decays to b quarks to be 12 GeV/c 2 , which slightly exceeds twice the mass of the lightest B mesons. If, due to strong interaction corrections, this threshold appears to be higher, it is enough to truncate our results at the relevant Higgs boson mass values.
Further details of the phenomenology (explicit expressions for production rates and branching fractions) are model dependent (see for example [7] for descriptions). It is however important to note that extensions of the Higgs sector beyond two doublets do not increase the list of available final states. We therefore choose the universal approach to extract, for each process and as a function of the Higgs boson masses, upper bounds on the production cross-section times the branching fraction into the considered final state. These bounds will be expressed in terms of reference cross-sections, defined below for the three primary processes.
Any final state initiated by e + e − →hZ is conveniently expressed in terms of the Standard Model hZ cross-section (we use the computation from [8] ) and suppression factors arising from mixing of the Higgs doublets and branching fractions (hereafter denoted R and BR, respectively). Given what is said above, we have:
. In the particular case of the 2HDM of type II, characterized by two mixing angles α, β and the two Higgs doublets coupling to the up-and down-type fermions respectively, we would have R hZ = sin 2 (α−β), Γ(h → bb, τ + τ − ) ∝ | sin α/ cos β| 2 , and Γ(A → bb) ∝ tan 2 β. The factorization of the cross-section into a reference cross-section and a term C 2 containing all details about the Higgs sector is general. Our results will be expressed in terms of C 2 Z(h→bb) , C 2 Z(h→τ τ ) , and C 2 Z(AA→4b)
1 . The reference cross-section for e + e − →hA is obtained by computing this process in the absence of any mixing in the Higgs sector (using HZHA [9] ), and depends only on electroweak constants and the h and A Higgs boson masses. It is thus well-suited to express our results in a general way. The processes that interest us are:
where f stands for b or τ . In the 2HDM, we would have R hA = cos 2 (α − β). Our upper bounds will be set on C →ffh (f=b,τ ) cross-section is used for h production. Computing this cross-section with a suitable (pseudo-scalar) ffA vertex gives the reference for A production (both cross-sections are taken from [10] ). We obtain:
and similar expressions for Yukawa production of A bosons. Again C 2 bb(h→bb) , C 2 bb(h→τ τ ) , C 2 τ τ (h→τ τ ) and the similar expressions for A contain all terms specific to the Higgs sector under consideration. In 2HDM(II), the vertex enhancement factors R bbh and R bbA are | sin α/ cos β| 2 and tan 2 β, respectively. Note that since the Z couples much more strongly to b quarks than to τ leptons, the bb(h,A→ τ + τ − ) process always has larger cross-section than the mirror τ + τ − (h,A→ bb) process. This last process is not considered. For the hZ and hA initiated processes, the C 2 factors are always products of rotation matrix elements and branching ratios, and therefore always satisfy C 2 < 1. The Yukawa processes may have C 2 > 1 as well, as illustrated by the 2HDM(II) example above. Our results may be interpreted in a large number of models and situations. Results on the decay h→AA can be applied to H→hh as well, provided this last channel is open. In the case of CP violation in the Higgs sector, pair production of the two lightest Higgs bosons h 1 and h 2 is different from the CP-conserving e + e − →hA only by an additional 1 To keep the notation compact, we drop the distinction between particle and anti-particle in the expressions of the C 2 factors.
form factor that can be absorbed in R hA . Similarly, CP-violating Yukawa production of the lightest Higgs boson, e + e − →ffh 1 , can always be written as a weighted sum of the CP-conserving ffh and ffA cross-sections [11] , and can be bounded from below:
where R S ffh 1
and R P ffh 1 are scalar and pseudoscalar effective couplings of the lightest Higgs boson to the primary fermion, and R ffh and R ffA are defined above; therefore, comparing a CP-violating model prediction for e + e − →ffh 1 (summarized in R ffh 1 , and taking branching fractions into account) to our weakest exclusion among the corresponding e + e − →ffh and ffA processes always yields a conservative answer.
On the contrary, our results on e + e − →hZ do assume standard quantum numbers for the Higgs boson, as a non-standard Higgs boson parity would imply different polarization of the associated Z particle, and hence different polar angle distributions for the final bosons. The signal selection efficiency is thus affected, and our results in this domain should be used with care.
The results also apply to the production of non-Higgs scalar particles. The crosssections and the analyses presented here however assume that the produced scalars have negligible width (less than 1 GeV).
Data samples and simulation
The data used in this analysis amount to 79.4 pb −1 collected by DELPHI at LEP1, in 1994 and 1995, and 611.2 pb −1 collected at the highest LEP2 energies in the years 1998 to 2000. The subsamples and corresponding centre-of-mass energies are listed in Table 1 .
A detailed description of the DELPHI detector layout and performance can be found in [12] . The data analysed in this paper were taken in optimal conditions up to the last period of the year 2000, when DELPHI was affected by the failure of one of the twelve sectors of its main tracking device, the Time Projection Chamber (TPC). The tracking algorithm was adapted, and tracks crossing the flawed region were recovered with the silicon Vertex Detector, the Inner Detector, and the Outer Detector. This modification was fully incorporated in the physics events simulation [5] .
Large Monte Carlo samples of background and signal events have been produced using the PYTHIA [13] , KK2f [14] , EXCALIBUR [15] , WPHACT [16] and HZHA event generators. The size of the two-quark (QCD) and four-fermion Standard Model background samples represent about 50 times the luminosity collected at LEP2, and two to five times the luminosity collected at LEP1.
Yukawa events were simulated on the Z resonance with a generator based on [10] . The h and A bosons were radiated off primary τ leptons and b quarks, and decayed into τ lepton or b quark pairs. The The direct decay processes hA→4τ and hA→4b were simulated over the whole kinematically allowed mass range.
The LEP2 background events were simulated at all centre-of-mass energies listed in Table 1 . The LEP2 signal events were generated at √ s =200 GeV, in mass steps of 5 GeV/c 2 close to the decay thresholds, and 10 GeV/c 2 elsewhere. Dedicated samples for systematic uncertainty evaluation were generated at all LEP2 centre-of-mass energies, for a reduced number of mass points. All LEP2 signal samples contain 2000 events.
All generated events used PYTHIA for decay and hadronization and were processed through the detailed DELPHI simulation program [17] .
Methods common to all analyses
Unless stated otherwise, charged particles are selected if their momentum is greater than 100 MeV/c, and if their measured distance to the interaction point is less than 4 cm in the transverse plane, and less than 4 cm/sin θ along the beam direction, where θ is the particle polar angle. Neutral particles are defined as calorimetric clusters not associated to tracks, and are selected if their measured energy is larger than 200 MeV in the electromagnetic calorimeter, or larger than 300 MeV in the hadron calorimeter.
The analyses described below select τ particles, and the selection criteria rely partly on the identification of their leptonic decay products. Muons are identified in the muon chambers, where signals coincide with the extrapolation of tracks measured in the central detectors. Muons are also characterized by energy deposits in the hadron calorimeter, compatible with minimum-ionizing particles. Electrons are identified mainly by energy loss measurements in the TPC, shower profile variables in the electromagnetic calorimeter, and by comparing the measured track momentum and associated calorimeter energy. In the analyses searching for τ 's at LEP1, the DELPHI standard identification tag is used for both lepton flavours, with performances given in [12] . In the four-τ search at LEP2, the lepton selections are very similar to those developed for the analysis of fully leptonic W pair decays [18] .
The method used to select b quark jets is described in detail in [19] . Variables that discriminate between fragmented b quarks (leading to long lived B hadrons) and ordinary jets are combined into a single variable, hereafter denoted x b for events and x bi for the jet of i-th largest b-likeness (in four-jet events, x b1 is the highest jet b-tagging value, and x b4 is the lowest). Contributions to this variable are the compatibility of tracks with the primary vertex, based on their measured impact parameter; the transverse momentum of identified leptons with respect to the jet axis; and the rapidity, effective mass, and fraction of the jet momentum, of particles assigned to a possible reconstructed secondary vertex.
All search results presented in this work are interpreted using a modified frequentist technique based on the extended likelihood ratio [20] . For a given experiment, the test statistic Q is defined as the likelihood ratio of the signal+background hypothesis (s + b) to the background hypothesis (b), computed from the number of observed and expected events in both hypotheses. Individual events may also carry a signal-to-background ratio based on a measured discriminating variable, such as the reconstructed mass (this possibility is used in the LEP2 four-τ search). Probability density functions (PDFs) for Q in the b and s + b hypotheses are built using Monte Carlo sampling of the (Poissondistributed) background and signal expectations, and of the optional discriminating variable distributions. The confidence levels CL b and CL s+b are defined as the integrals of the b and s + b PDFs for Q between −∞ and the actually observed value Q obs . The confidence level in the signal hypothesis, CL s , is conservatively approximated by the ratio CL s+b /CL b . 1-CL s measures the confidence with which the signal hypothesis can be rejected, and will be larger than 0.95 for an exclusion confidence of 95%.
LEP1 data analysis
This section describes the search for the Yukawa process in LEP1 Data. The four-b, bbτ + τ − , and four-τ final states are analysed.
The four-b final state
This section describes a search for neutral Higgs boson production in the four-b channel. The analysis is focused on the Yukawa process, and subsequently applied to Higgs boson pair production.
Let us first discuss the issue of the background estimation. An irreducible background contribution originates from events with two primary b quarks and a gluon splitting into a second b quark pair, i.e. Z →bb(g →bb). This gluon splitting happens with a probability g bb . The most recent theoretical estimate is g th bb = 1.75 ± 0.40 × 10 −3 [21] . In the simulation we use g bb = 1.5 × 10 −3 , the default value in [13] , somewhat below the theoretically preferred value. This quantity has also been measured by the LEP and SLD Collaborations, with an average result of g exp bb = 2.74 ± 0.42 × 10 −3 [22] . The available measurements are however not insensitive to four-jet events with light Higgs boson decays to b quark pairs which, if present, would contaminate the selected samples and lead to an overestimation of the measured g bb value. This possibility was not taken into account in [22] . The efficiency of these analyses on Higgs boson events has not been estimated, and therefore the g bb measurements potentially contain a contribution from Higgs boson events.
Our strategy is therefore to keep the value of g bb = 1.5 × 10 −3 in the simulation. The possible presence of an excess in the data can then be interpreted in two alternative ways: either by attributing the excess to gluon splitting events and estimate the additional contribution to g bb (this is not the focus of this paper, and will be done only indicatively in the following), or by attributing the excess to the signal and obtain conservative limits on Higgs boson production. Considering the large uncertainties on the various estimates of g bb , we do not use this channel for signal discovery.
The analysis itself is described in the following. For Higgs boson masses of about half of the Z mass we expect a four-jet topology, whereas close to threshold only three jets may be reconstructed. Taking this into account we develop two parallel selection procedures, corresponding to event reconstructions in three and four jets respectively. 
At first, the events are required to contain at least six charged particles. At this preselection stage we force the reconstruction of three jets, and the 2→3 jet transition point y 23 of the Durham algorithm [23] should be greater than 0.01. For all reconstructed jets, the b-tagging values x bi are computed as described in Section 1.3, and ordered from higher to lower b-likeness. The b-tagging variable of the most b-tagged jet, x b1 , is required to be greater than 0.
The preselection eliminates all backgrounds but hadronic Z decays. Non-b hadronic events are significantly reduced as well and represent about 10% of the remaining sample. After this step, all events are reconstructed as four-jet events.
The remaining b-tagging discriminating power is contained in the least tagged jets. The final selection relies on x b3 in the three-jet topology, and on the sum x b34 = x b3 + x b4 in the four-jet topology. The distributions of these variables are shown in Figure 3 . In both the three-jet and four-jet analyses, two channels are defined for the final analysis (denoted Bin 1 and Bin 2, see again Figure 3 ). They are chosen to have a similar expected background, and a signal efficiency of at least 1% to 2% in Bin 2.
Numerical comparisons between the data and the simulation are shown in Table 2 . The 1% difference seen at the preselection level is explained by residual imperfections of the b-tagging efficiency simulation [19] . At the end of the analysis, an excess of data is observed in all channels. One explanation could be the possible underestimation of the gluon splitting probability.
Efficiencies for h and A production in the Yukawa process are shown in Table 13 . For the interpretation of results, the three-jet or four-jet analysis is chosen at each mass point as a function of the expected exclusion performance.
The selection developed for this search is directly applied to pair production of neutral Higgs bosons, with efficiencies given in Table 14 . The efficiencies are evaluated for both three-jet and four-jet analyses, and found to be almost always better in the second case. The four-jet analysis is retained for the interpretation of the results, described in Section 4.2.
The systematic uncertainty related to the residual differences between b-tagging efficiency in data and in the simulation is estimated using Ref. [19] , where it is shown that the difference is limited to ±10% for high purity b jet selection. This uncertainty is assumed, and added in quadrature to the statistical uncertainty from the limited size of the simulation samples. Considering the conservative assumptions on data and background described above, no further systematic uncertainty is assumed.
A fit to the bb and bbg→4b components of the data is performed as a cross-check. An independent sample of four-b events with gluon splitting is introduced, and its normal-ization is adjusted so that its addition to the standard simulation (with g bb = 1.5 × 10 −3 ) reproduces the observation. In the three-jet analysis, the additional contribution is found to be (3.0 ± 0.7) × 10 −3 , bringing the total gluon splitting value to (4.5 ± 0.7) × 10 −3 . In the four-jet analysis, (3.2 ± 0.7) × 10 −3 is found, leading to a total of (4.7 ± 0.7) × 10 −3 . The result is displayed in Figure 3 as well. This estimation of g bb is purely indicative.
The bbτ
+ τ − final state
In the bbτ + τ − final state of the Yukawa process (i.e., bb(h→τ + τ − )), the Higgs boson decay products often have high momentum, and appear as a collimated slim jet. We therefore reconstruct three jets in this final state, of which one is expected to contain a pair of τ leptons of low decay multiplicity. The two other jets, initiated by b quarks, are expected to have higher multiplicity.
As in the previous analysis, event reconstruction is forced into three jets using the Durham algorithm. The b-tagging algorithm is then applied to evaluate the b-likeness at both the event and jet levels. The jets are ordered according to their b-tagging value; the two jets with highest value are assumed to be b-jets.
At the preselection level we require the total charged multiplicity in the event to be at least 10. As before, the Durham parameter y 23 is required to be greater than 0.01. The event b-tagging variable x b must be greater than 0. The cosine of the angle between the two b-jets should satisfy cos α 12 < 0.9. The preselection eliminates almost all nonhadronic background components, leaving mostly Z→bb events.
Furthermore, x b1 is required to be greater than 0 and x b2 to be greater than -1. The jet with lowest b-tagging value is supposed to correspond to the τ pair. Events with gluon radiation may fake the signal, but gluon jets usually have high multiplicity, whereas we expect the τ pair to be narrow and have low multiplicity. For the remaining cuts, only charged particles of momentum greater than 1 GeV/c are taken into account.
The jet of lowest b-likeness is required to have a charged multiplicity of 1, 2 or 3, and a total multiplicity of at least 2. Its broadness, defined as the cosine of the largest angle between two particles in the jet, | cos θ|, should be larger than 0.64. The sum of momentum fractions of the two particles with the highest momentum in this jet, denoted (p 1 + p 2 )/E 3 (where E 3 is the energy of the jet of lowest b-likeness), should be greater than 0.5. Furthermore, we require at least one leptonic τ decay, by demanding an identified lepton (muon or electron), with p T >1 GeV/c (where p T is defined as the transverse momentum of the lepton with respect to the jet axis). Figure 4 illustrates three of the selection variables described above.
Seven events are selected in the data, whereas 10.6±2.3 events are expected from background processes. Along the whole selection procedure, hadronic Z decays are the dominant background contribution; less than 5% arise from four-fermion processes. Numerical comparisons between data and simulation are shown in Table 3 .
The selection efficiencies for bb(h→τ + τ − ) and bb(A→τ + τ − ) are given in Table 15 . The small difference in rejection between data and expected background, evaluated at the preselection level and for each selection variable, leads to a systematic uncertainty of 3.0% on the background expectation, and to 3.8% on the signal efficiency. These values are added in quadrature to the statistical errors given in Tables 3 and 15 . 
The four-τ final state
In this section we describe a search for Higgs boson production in the four-τ channel, via the Yukawa process. This final state can be dominant in models where Higgs doublets couple preferentially to leptons. Since the one-prong τ decay is largely dominant, a first analysis, sensitive to events with four charged particles seen in the detector, is described below. Nevertheless, when four τ 's are present, the probability that one of them decays into three charged particles is significant. To account for these events, a complementary analysis is developed and is described in the second part of this section. These fourprong and six-prong decays represent respectively 53.1% and 37.8% of all events with four τ leptons.
Due to the nature of the final states considered here (i.e., low multiplicity and low visible energy) the acceptance criteria for reconstructed particles are tightened compared to the description given in Section 1.3. Charged particles are now selected if their momentum is larger than 400 MeV/c, their angle with respect to the beam axis is larger than 20
• , they are seen in the TPC and finally, their impact parameter along the beam axis is less than 3 cm.
The four-prong selection
The following series of preselection cuts are used to reject events from beam-gas interactions and from γγ collisions. Only events with exactly four reconstructed charged particles are considered. The total electric charge of the particles must be 0. The sum of the impact parameters with respect to the beam-spot must be less than 300 µm in the transverse plane. The pair of oppositely charged particles of lowest invariant mass, denoted m ± in the remaining of this section, must be separated from at least one of the remaining charged particles by more than 90
• . The invariant mass m ± must be larger than 200 MeV/c 2 . The missing momentum along the beam axis must be less than 35% √ s. Finally, either the missing transverse momentum must be larger than 5% √ s, or the visible mass must be greater than 25 GeV/c 2 . At this stage, the main background consists of Z→τ + τ − events, where the τ 's have decayed into one prong and three prongs, respectively. This background is reduced by requiring the lowest triplet invariant mass to be greater than 2 GeV/c 2 . The remaining τ + τ − events have both τ 's decayed into three prongs, when one charged particle is missed in each hemisphere. To reject them, the visible mass recoiling against m ± is required to be larger than 2 GeV/c 2 . Remaining backgrounds come from low-multiplicity hadronic Z decays and fourfermion events. These background components are reduced by requiring the pair of charged particles recoiling against m ± to have a mass larger than 10% of the total visible mass. Furthermore, the neutral multiplicity must not exceed six. Four-fermion events not containing τ leptons are rejected by requiring the visible mass to be less than 60 GeV/c 2 . One of the particles in m ± should be identified as an electron or muon, and the other one should not be identified as a lepton of the same flavour; the remaining two charged particles should not both be identified as electrons or muons. Finally, the cut on the invariant mass m ± is tightened to m ± >1 GeV/c 2 . Distributions of the visible mass and of the lowest triplet mass are displayed in Figure 5 at the preselection level. The distribution of the m ± invariant mass is also shown, just before the last cut is applied, with seven observed events and 10.8±1.0 expected events.
After all selection cuts are applied, four events are observed in the data, while 4.1±0.5 are expected from background, all of which are genuine four-fermion events; the contribution from four-lepton events with at least one τ pair amounts to 3.8±0.5 events and the remaining originates from four-lepton events with electrons and muons only.
Comparisons between data and simulated background samples are shown in Table 4 . Signal efficiencies vary from 3% to 6%, going from low to high signal mass (see Table 16 for details). These efficiencies correspond to 5.7% and 11.8% of the true four-prong decays of the signal.
The six-prong selection
Exactly six reconstructed charged particles are required in this search. The remaining preselection criteria against beam-gas and γγ events are applied as above.
Since one of the τ leptons is expected to decay in the three-prong mode, the lowest triplet invariant mass should not exceed m τ ; the cut is applied at 1.8 GeV/c 2 . Moreover, this triplet is required to have momentum larger than 3 GeV/c. It is then treated as a pseudo-particle, and the six-prong topology becomes a pseudo-four-prong one.
To reject low multiplicity hadronic Z decays and τ pair decays into six prongs, the system recoiling against the triplet of lowest mass should have a mass greater than 4 GeV/c 2 , and the total multiplicity must be less than 13. The visible mass is required to be less than 60 GeV/c 2 . The pair of oppositely charged particles of lowest invariant mass must pass the cut m ± >1 GeV/c 2 (here, the pair may contain the pseudo-particle made by the triplet of lowest invariant mass).
Distributions of the minimal triplet mass, and of the mass of the three charged particles recoiling against it, are displayed at the preselection level in Figure 6 . The distribution of the invariant mass m ± is also shown, just before the final cut is applied. At this level, 13 events are observed and 14.2±2.9 are expected.
After all cuts, four events are observed, while 6.0±1.5 are expected from the simulation. Of these, 3.4±1.4 are hadronic Z decays, 1.9±0.2 are four-lepton events with at least one τ pair. The remaining contribution comes from four-fermion events with two quarks and two leptons.
The cut-by-cut evolution of the data and simulated background samples is shown in Table 5 . Signal efficiencies vary from 2.5% at low mass, to 5.6% at high mass, corresponding to 6.3% to 14.9% of the true six-prong decays of the signal. Details can be found in Table 17 .
Systematic uncertainties on the expected backgrounds and on the signal efficiencies are estimated as in Section 2.2. Each selection cut described above is applied in turn at the preselection level, and the difference in rejection between the data and the simulation is attributed to the imperfect modelling of the corresponding distribution. The resulting uncertainties amount to 8% on backgrounds and 5% on signals in the four-prong analysis, and to 3.5% on backgrounds, and 3% on signals in the six-prong analysis. 
LEP2 data analysis
The searches for final states with at least four b quarks or with exactly four τ leptons in LEP2 data are described in what follows.
Final states with b quarks
This section describes a search for cascade decays of neutral Higgs bosons. The considered decay chains are hA→(AA)A, hZ →(AA)Z, hA→(AZ)A and hA→h(hZ). The lightest Higgs boson is assumed to decay into b quark pairs. The final state will contain six quarks, of which at least four are b quarks. The analysis developed here is also applied to the direct decay hA→4b.
Events with cascade decays a priori lead to a six-jet final state. However, when the mass of the lighter Higgs boson approaches 2m b , the decay jets may not be resolved. This then leads to a three-jet topology in the (AA)A channel, or to a four-jet topology in the (AA)Z or h(hZ) channels.
Due to the large range of masses and topologies that are searched for, different signals often differ more among themselves than from the background. Instead of analysing each topology individually, we have designed a polyvalent method exploiting only the presence of at least four b quarks.
The preselection used in this analysis has been developed for Standard Model Higgs boson searches in hadronic events [5] , and is briefly outlined here. Multiplicity and energy flow cuts eliminate radiative and γγ events, and significantly reduce the QCD background. Selected events are then forced into a four-jet configuration using the Durham algorithm, and the mass of each jet is required to exceed 1.5 GeV/c 2 .
The rest of the analysis does not rely on event shapes, and uses only b-tagging information. Variables with large discriminating power are the secondary vertex multiplicity N vg , the b-likeness variables x b1 and x b2 , and the b-likeness sum x b34 = x b3 + x b4 . Considering the total number of secondary vertex hypotheses N v , which includes secondary vertices failing the fit-quality selection (see [19] ), achieves supplementary discrimination. A combined variable, denoted B in the following, is defined as the sum of the logical values of the following conditions (each satisfied condition increases the value of B by 1 unit):
For the final selection, B is required to be greater than 3. A preselection-level data to simulation comparison of the distributions of some analysis variables is shown in Figure 7 . Numerical comparisons between the data and the simulation are shown in Tables 6 and 7 .
The excess observed in the data of 2000a after the last cut (see Table 7 ) has been verified to be unrelated to any spurious event reconstruction problem. Its possible meaning will be discussed in Section 4.2. The breakdown of this sample in centre-of-mass energy windows, as shown in Table 8 , does not indicate a high mass signal appearing at the highest centre-of-mass energy. The data taken in 1998, 1999, and 2000b, agree with the Standard Model background expectation.
Since the signal samples were generated at only one centre-of-mass energy (namely √ s =200 GeV), a procedure is designed to estimate the efficiencies at the other energies. To do so, the four-momenta of the primary bosons are rescaled to correspond to the desired centre-of-mass energy, and all particles coming from the primary pair are boosted accordingly. Rescaled events are analysed using the analysis chain described above. The validity of this procedure was verified using a few dedicated signal samples simulated at the extreme centre-of-mass energies corresponding to the analysed data set, i.e. 189 and 208 GeV. The method proves to have a precision of ±2%.
The signal efficiencies for the simulated mass points are given in Tables 18, 19 , and 20. The efficiency for any arbitrary mass point is obtained by linear interpolation between the three closest simulated points. The analysis described above is also directly applied to the hA→4b channel, with resulting efficiencies given in Table 21 .
In addition to the uncertainties already quoted, a systematic error is included accounting for residual imperfections in the b-tagging description in the simulation. An uncertainty of ±5% is assumed [19] .
Uncertainties on the gluon splitting probability have much smaller impact (as in Section 3.1, we use g bb = 1.5 × 10 −3 ). Compared to the LEP1 four-b analysis, the present selection needs to preserve high signal efficiency. The background rejection is thus much weaker, and the fraction of events predicted to contain gluon splitting into bb after the last cut is only 2%. Assuming 50% uncertainty on this fraction contributes an uncertainty of 1% on the background estimate.
The four-τ final state
This final state consists of four narrow jets of low multiplicity coming from the τ decays. When the h or A boson mass decreases, the decay products are often observed as a single jet, due to the low angle between the decay τ leptons. Three independent analysis streams are developed to provide sensitivity to the whole (m h ,m A ) mass plane: a four-jet, a three-jet and a two-jet stream, respectively adapted to the case where both bosons are heavy, one boson is light, or both h and A are light. Some criteria are common to all analyses. A charged-particle multiplicity between 4 and 8 is required, to reject lepton pairs and hadronic events. Algorithms used in the lepton identification are the same as those used in the selection of fully-leptonic W pairs [18] . The four-lepton background is rejected by requiring that the momentum of the most energetic identified muon or electron, if present, is less than 0.25 √ s. If a second muon or electron is identified, it should have momentum less than 0.15 √ s. In the following, jets are defined as clusters of particles (of which at least one is charged) contained in a cone with a 15
• opening angle. The analysis streams are now described in turn.
The four-jet stream
The four-jet analysis is derived from that of the four-τ final state applied in the search for doubly charged Higgs bosons (Section 3.1 of Ref. [24] ), but discarding all mass cuts. Events are clustered into jets, and each jet is required to be separated from the others by at least 15
• . Only events with four reconstructed jets are accepted and every jet is considered as a τ candidate.
To improve the reconstruction of the τ energy, the τ momenta are rescaled, imposing energy and momentum conservation while preserving the measured directions. If any rescaled jet momentum is negative, the event is rejected.
The two-photon background is reduced by the following requirements: the momenta of the jets have to be larger than 0.01 √ s, the visible energy outside a cone of 25
• around the beam-axis is required to be greater than 0.15 √ s, and the total energy of neutral particles should be less than 0.35 √ s. After all cuts only one event is observed in the data, while 1.9 events are expected from background processes. Efficiencies around 40−50% are obtained for h and A masses higher than ∼50 GeV/c 2 . The rescaled τ momenta are used to reconstruct the Higgs boson masses after the jets are paired according to their charges and the dijet masses. The charge of a jet is defined as the sum of the charges of the jet particles if this sum is found to be ±1, and as the charge of the most energetic charged particle of the jet otherwise. The pairing is chosen so as to minimise the difference between the two reconstructed dijet masses. After pairing, the sum of the dijet masses is used as a discriminating variable in the confidence level computations (Section 1.3).
The three-jet stream
Events enter this stream if three jets are found after clustering is performed as in the four-jet stream. Each jet is considered as a τ candidate, and should again be separated from the others by at least 15
• . To reject the two-photon background, the same criteria as described in Section 3.2.1 are used.
Additional cuts are applied to reduce the remaining Zγ ⋆ background. The absolute value of the cosine of the missing momentum polar angle should be less than 0.9. All jets should have polar angle between 20
• and 160
• . For signal events, the three reconstructed jets are expected to be in the same plane. Therefore, the sum of the three angles between the jets, α 123 , is required to be greater than 357
• . Finally, the lowest jet-jet angle, α 1 , is required to be greater than 25
• . Six events are selected in the data, while 6.5 events are expected from the background. The efficiency for m A =4 GeV/c 2 and m h greater than 60 GeV/c 2 is about 40%. The final discriminating variable for the confidence level computations is the highest reconstructed Higgs boson mass, since the other one is expected to be low. This mass is calculated by rescaling the momentum of the jets, imposing energy and momentum conservation while keeping the jet directions fixed. The pairing is then chosen as follows. If only one jet has an electric charge equal to 0, the mass is given by the opposite jet pair. In other cases, the mass is given by the two jets, if they exist, containing only one charged particle; or by the two jets with opposite charges, if the third one has an electric charge greater than 1 in absolute value. If none of these configurations is present, the mass is given by the two jets of opposite charges and with nearest rescaled τ momenta.
The two-jet stream
If an event is not classified in the two previous streams, it is a candidate for the two-jet analysis. Only events with either four or six charged particles, and with total electric charge zero, are accepted in this stream.
Every neutral particle energy is added to the momentum of the nearest charged particle, if it is distant by less than 15
• . Neutral particles making angles larger than 15
• with all charged particles are not recombined.
A charged multiplicity of six signals that one of the τ leptons has decayed into three prongs. To ensure this is the case, the lowest triplet invariant mass should not exceed 1.4 GeV/c 2 and its momentum should be greater than 5 GeV/c. At this stage, events are grouped into four τ candidates, coming from either the four charged particles, or the three charged particles plus the opposite triplet of lowest mass. The two-photon background is reduced by requiring all τ candidate momenta to be larger than 0.005 √ s, and the visible energy outside a cone of 25
• around the beam-axis is required to be between 0.15 √ s and 0.8 √ s. In addition, events with the third lowest angle between τ candidates, α 3 , less than 70
• are rejected. Finally, the polar angles of all τ candidates must lie between 25
• and 155
• , while at least one must have a polar angle between 50
• and 130
• . Six events are selected in the data, in agreement with the 9.5 events expected from the background processes. The efficiency for m A =4 GeV/c 2 and m h =4 GeV/c 2 is 37%. The mass estimation often fails in this topology, and it is not possible to reconstruct either the h mass or the A mass. The second lowest angle between τ candidates is chosen as final discriminating variable in the confidence level computations.
Good agreement between the data and the expected background is observed for each analysis, as illustrated in Figure 8 . Combining all streams, 13 events are selected in the data, whereas 18.0±1.2 events are expected from the Standard Model background processes. Details are shown in Tables 9, 10 and 11. The efficiencies of the four-τ analysis streams are shown in Table 22 for representative simulated mass points.
All results contain statistical and systematic uncertainties added in quadrature. Systematic uncertainties are estimated by varying the simulated charged particle momenta, jet-jet angles and particle identification variables in a range given by the residual differences between their distributions in data and simulation. Because of the large amount of missing energy in this final state, the efficiencies are expected to vary slowly with √ s. Using a few dedicated signal samples simulated at different centre-of-mass energies corresponding to the analysed data set, this is verified to be true up to ±1.5%. Taking this into account, the total systematic uncertainty amounts to about ±3% for signal efficiencies, and to ±10-13% for the background; these last numbers are dominated by the finite Monte Carlo statistics. 
Results
The results from the analyses described above are summarised in this section. The Yukawa process, hA and hZ production followed by direct Higgs boson decays into fermions, and cascade decays are discussed in turn. The excess found in the LEP2 b-tagging analysis is discussed. Since no obvious signal is found, the observations are interpreted in terms of excluded cross-sections, using the conventions described in Section 1.1. For all final states, the tables given in Appendix B provide explicit numerical upper bounds on the corresponding C or C 2 factors. All the limits presented in the following are at the 95% confidence level (CL).
Search for the Yukawa process at LEP1
Results of the Yukawa production analyses of Section 2 are presented in the form of mass-dependent upper bounds on the C 2 factors defined in the introduction. Reference cross-sections for Yukawa production of h and A are obtained using [10] . In all cases, the mass range between production threshold and 50 GeV/c 2 is considered, and the C 2 values excluded at exactly 95% CL are determined. Since these values are very large, the numbers given in Table 23 and the corresponding figures refer to C rather than to C 2 . The former corresponds to the matrix-element enhancement factor, when 100% branching fraction into the relevant final state is assumed.
The four-b Yukawa results on C bb(h→bb) and C bb(A→bb) , shown in Figure 9 , are obtained by combining Bin 1 and Bin 2 as independent channels, either in the three-jet analysis or in the four-jet analysis, keeping the analysis with the best expected exclusion sensitivity at each mass point. The bbτ + τ − channel leads to the upper bounds on C bb(h→τ τ ) and C bb(A→τ τ ) displayed in Figure 10 . Results on the four-τ channel are shown in Figure 11 . Upper bounds are placed on C τ τ (h→τ τ ) and C τ τ (A→τ τ ) by combining the independent fourprong and six-prong analyses.
The slight deficit in the bbτ + τ − channel translates into an exclusion slightly stronger than expected. On the contrary, the excess in the four-b channel induces an exclusion which is slightly weaker (at 1σ) than expected from the simulation. The four-τ channel result is in agreement with the background hypothesis.
In the four-b analysis, the inclusion of Bin 1 improves the sensitivity on C bb(h→bb) by 10%, compared to using Bin 2 alone. In the four-jet analysis, Bin 2 excludes signals larger than 7 events, which could be compared to our previous result [25] , where the limit was set at 50.4 events. The improvement in sensitivity on C bb(h→bb) and C bb(A→bb) is nearly threefold over the whole mass range. The three-jet analysis has better expected performance than the four-jet analysis in the very low mass region (below m h ,m A ∼ 15 GeV/c 2 ). As the figures indicate, the four-b and the bbτ + τ − channels have similar intrinsic sensitivity (the expected exclusions are similar). This is not the case for the four-τ channel. Although the signal to background ratio in this channel is better than that in the four-b and bbτ + τ − channels (as can be seen from Tables 4, 5 , 16 and 17), the much weaker coupling of the Z boson to the primary τ leptons induces weaker sensitivity on C τ τ (h→τ τ ) and C τ τ (A→τ τ ) .
Numerical values for the observed exclusions are given in Table 23 .
hA and hZ production: direct decays
Higgs boson production in the hA→4b and hA→4τ channels is assessed using the results of the analyses described in Sections 2.1, 3.1 and 3.2, as well as those of the searches for the hA→4b process in the MSSM framework at all LEP2 energies, as described in Ref. [5] . Exclusion limits are also given for the hZ process when the Higgs boson decays into b quark pairs or τ lepton pairs, using the results of the searches for the hZ process applied to all LEP2 data samples, as described in [5] .
The C 2 factor for each process is defined in the introduction. The Higgs boson mass domain is then scanned, and at each point the C 2 value excluded at exactly 95% CL is determined.
Event rates for the hA process are computed with the HZHA generator [9] , and using interpolation of the signal efficiencies (Tables 21 and 22 , Appendix A). Rates for the hZ production process are determined as described in [5] . The combination of data at different centre-of-mass energies is done assuming the expected evolution of the hA and hZ production cross-sections with energy. Figure 12 shows the results of the search for hA→4b. The LEP1 data analysis presented in Section 2.1 is combined with the LEP2 analyses of Section 3.1 and of Ref. [5] . As these last two analyses are not independent, only the analysis with the best expected exclusion power is kept at each mass point and at each centre-of-mass energy. While the analysis presented in this paper has good performance over the whole mass plane, the MSSM analysis [5] has optimal sensitivity when m h ∼ m A and provides better results in this region.
The four-b search
A strong sensitivity is obtained both at high mass from LEP2 data, and in the lower mass region where the LEP1 data contribute significantly. In the case of no suppression (i.e. full strength production, and 100% branching into four b quarks, i.e. C 2 hA→4b =1), the search excludes a region roughly given by m h ,m A > 12 GeV/c 2 , m h ,m A < 130 GeV/c 2 when the opposite mass is small, and m h +m A < 180 GeV/c 2 when the h and A masses are similar. When the suppression factor is less than 5%, the excluded region is obtained essentially from LEP1 data.
The consistency of the numerical excess found in the data of 2000a, with the data recorded in 1998, 1999, and 2000b, is estimated in the following way. The excess is attributed to a signal, and used to normalize its cross-section. It is then possible to confront the signal hypothesis with the data surviving the selections in the complementary data sets. Given 6.3 signal events in 2000a, the number of signal events expected in the other data sets depends on the nature of the signal and its mass. The primary signal process is taken to be e + e − →hA, since its cross-section rises more slowly with energy than the hZ cross-section. The conclusions made for hA are then a fortiori valid for hZ. Three mass hypotheses are considered, namely (m h ,m A )=(90,90), (95,95), and (100,100) GeV/c 2 . The corresponding rates are summarized in Table 12 , correctly taking into account the kinematic thresholds. In each case the confidence levels in the background and signal hypotheses are given.
In all cases, a signal corresponding to the observed excess in 2000a would produce a visible signal in the other data sets. Since the observations are background-like, and have confidence levels in the signals of 19% at best, we conclude that the excess of 2000a is not confirmed by the remaining data. Table 12 : Numerical study of the excess observed in period 2000a. In this data set, 10 events are observed while 3.7±0.6 are expected ( Table 7) . The entire excess is attributed to a signal, and predictions are made for the complementary data sets, for three mass hypotheses of an example hA signal. For every hypothesis, the observation and expected background correspond to the complementary data taken above threshold (see Table 7 ), and the corresponding confidence levels in the background and signal hypotheses are given.
Mass (GeV/c
2 ) Rate (2000a) As a further illustration, the expected and observed mass distributions are shown in Figure 13 , for the 2000a data set, and the complementary 1999 and 2000b sets. Shown is the distribution obtained when choosing the jet pairing so that the dijet mass difference is minimized; an example signal with (m h ,m A )=(95,95) GeV/c 2 is superimposed, normalized as above (a lower mass signal is strongly disfavoured according to the results of Table 12 ). The mass distribution when all pairings enter (i.e., each event contributes three times) is also shown.
The upper limit on C 2 hA→4b as a function of m h +m A is shown in Figure 14 for equal h and A masses as well as for large mass differences. In these figures, the observed result is compared to the expected limits, allowing a comparison of the data with the SM background predictions. The agreement is well within 2 standard deviations over the whole range of mass hypotheses in the case of equal h and A masses: there, the results are given by the LEP1 analysis of Section 2.1 up to about 90 GeV/c 2 in m h +m A , with limits on C 2 hA→4b between ∼ 0.1% and 10%, and by the LEP2 MSSM analysis of [5] at higher masses, with limits on C 2 hA→4b around 10% up to 160 GeV/c 2 . For full strength production and decay, a mass limit on m h and m A of 90.9 GeV/c 2 is reached. In the case of large mass differences between the h and A bosons, the results are given by the LEP1 and the LEP2 analyses presented in this paper. As a result of the excess observed in the data of 2000a, there is a disagreement between the data and the SM background prediction in the upper limit on C 2 hA→4b . When m A is fixed at 15 GeV/c 2 ( Figure 14) the disagreement amounts to 1.6 standard deviations for any m h above ∼70 GeV/c 2 . This also translates into a mass limit of 127.8 GeV/c 2 on m h +m A , whereas 138.0 GeV/c 2 is expected on average from background experiments.
Numerical values for the observed exclusions are given in Table 24 .
The four-τ search
The results of the hA→4τ analysis are shown in the (m h ,m A ) plane in Figure 12 and as a function of m h +m A for mass-degenerate h and A bosons in Figure 15 . In the case of no suppression, this very sensitive search allows a large range of masses to be excluded, from the τ + τ − threshold up to around 10 GeV/c 2 below the kinematical limit. For equal h and A masses, this translates into a mass limit of 93.6 GeV/c 2 . Limits on C 
hA and hZ production: cascade decays
The analysis described in Section 3.1 is applied to the search for Higgs bosons involving cascade decays. Compared to the previous section, the only differences are the signal selection efficiencies, which are sensitive to the details of the final state. The primary hA and hZ production rates are the same as above.
Results on the final state with six b quarks, originating from hA production with intermediary decay of the h boson into two A bosons, are displayed in Figure 12 . The high number of b quarks in the final state makes the search sensitive even for small suppression factors. For full strength production and decay, the limit on m h is 114.5 GeV/c 2 when m A ∼ m h /2, and 136.3 GeV/c 2 when m A = 12 GeV/c 2 . Production of four b quarks in addition to a Z boson through the process hZ→(AA)Z, is constrained as shown in Figure 12 . The m h range covered is bounded from above because of the high mass of the associated Z boson. In the case of no suppression (in other words, if this channel is dominant), the present analysis constrains the h mass to be above ∼95 GeV/c 2 , for any m A between the b quark decay threshold and m h /2. The similar hA→h(hZ) process is found to be unconstrained by the present work. The reasons are that the hA cross-section decreases much faster than the hZ cross-section when approaching the kinematic limit, leading to reduced sensitivity. Furthermore, the excess observed in the data taken in 2000a (see Table 7 and the discussion given in the previous section) is enough to forbid any exclusion in this channel. This conclusion also applies to the (AZ)A process, as argued in Section 1.1.
Numerical values for the observed exclusions are given in Tables 28 and 29 .
Conclusions
Searches for Higgs production have been performed in various channels, using the data recorded by DELPHI at LEP2, relying extensively on a multi-purpose b-tagging analysis. The much studied hA→4b channel has been revisited and extended sensitivity towards large h and A mass differences was obtained. The decay h→AA was also considered and searched for in hA and hZ production. In these three cases large portions of the (m h ,m A ) plane are excluded, depending on a global suppression factor. The decay A→hZ was also studied but was found unconstrained.
Four-b final states were searched for in the LEP1 data, in the hA channel and in the Yukawa process. The results of the hA channel contribute to the coverage of the (m h ,m A ) plane at low masses. The search for the Yukawa process allowed the enhancement of the h and A coupling to b quarks to be constrained for a large mass range of these bosons. The bbτ + τ − final state was investigated in the context of the Yukawa process, and is constrained over the same mass range.
Finally, models in which different Higgs doublets couple preferentially to quarks or to leptons will predict dominant heavy-lepton decays. The four-τ final state from Yukawa production was searched for at LEP1. The hA→4τ channel was investigated at LEP2, and strongly constrained by the present analysis.
The emphasis of this work is on the model-independence of the results. All results are presented in a form that allows their reinterpretation in a large class of models of the electroweak scalar sector. 
B Excluded couplings per process
This appendix contains tables of excluded couplings and suppression factors as functions of the involved Higgs boson masses, for all processes considered in this work. The mass granularity has been reduced in order to limit the size of the tables. FORTRAN routines containing the complete information can be obtained from the DELPHI collaboration on request.
Note that for the Yukawa process the results are given at the matrix element level rather than at the cross-section level (i.e. C instead of C 2 ); for all other cases the C 2 factors are listed. All masses are in GeV/c 2 . 
